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S1.1 Chemical analysis
The GC temperature programme for PCBs, HCHs, DDTs, PeCB and HCB was 80°C (1 min hold), then 40°C min-1 to 200°C, and finally 5°C min -1 to 305°C. Injection was splitless at 280°C, the injection volume was 3 µL, He was used as carrier gas at constant flow 1.5 mL min -1 .
The injection volume was 3 µL. PBDEs were analysed using GC-HRMS (gas chromatography with high resolution mass spectrometry) on a Restek RTX-1614 column (15 m × 0.25 mm × 0.1 µm). The resolution was set to > 10000 for and > 5000 for BDE 209. 13 C BDEs 77 and 138 were used as injection standards. The MS was operated in EI+ mode at the resolution of >10000. The temperature programme was 80°C (1 min hold), then 20°C min -1 to 250°C, followed by 1.5°C min -1 to 260°C and 25°C min -1 to 320°C (4.5 min hold). The injection volume was 3 μL in splitless mode at 280°C, with He used as a carrier gas at constant flow of 1 mL min -1 .
Recovery of native analytes ranged 88-103% for PCBs, 75-98% for OCPs, 70-95% for drin pesticides and 55-75% for PBDEs. The results for OCPs and PCBs were not recovery corrected.
For PBDEs, isotope dilution method was used, the average recoveries ranged 78-128%. No replicates of sample extracts were run. Table S1 : QA parameters of chemical analysis. Instrument limits of quantification (LOQ), given as masses and concentrations, the latter for a typical sample volume (1600 m³), range of the limits of quantification (LOQs, defined as the maximum of the ILOQ and the average of field blank values plus three times their standard deviation) for soil (pg g -1 or ng g -1 ), gaseous (PUF) and filter (QFF) (pg m -3 ) of (a) OCPs, (b) PCBs and (c) PBDEs. n.t. = not targeted. 
S1.2 Fugacity calculations
Fugacities of OCPs in soil (f s ) and air (f a ) were calculated as (Harner et al., 2001) :
(S1) f s = c s H(T) ⁄ (0.411 φ OM K OW )
(S2) f a = c a R g T with c s , c a being the concentrations in the media (mol m -3 ), H(T) is the temperature dependent Henry's law constant (Pa m 3 mol -1 ), φ OM is the mass fraction of organic matter in soil, K OW is the octanol-water partitioning coefficient, R g is the universal gas constant (8.314 J mol -1 K -1 ), and T is temperature (K). The factor 0.411 improves the correlation between the soil-air partitioning coefficient and K OW (Hippelein and McLachlan, 1998; Meijer et al., 2003a) . H(T) was obtained using the van't Hoff equation:
with temperatures T 1 and T 2 (K), H 1 and H 2 being the Henry's law constants at these temperatures, and enthalpy of vaporisation ΔH vap (J mol -1 ).
Physico-chemical data were taken from literature (Li et al., 2003; Xiao et al., 2004; Shen and Wania, 2005) . 48h-means of the soil temperature are input into equ. (S1), assumed to be given by the 48h-mean near-ground air temperature. Soil density, ρ s , needed to calculate c s (mol m -3 ) from measured values (in ng g -1 ), is unknown and assumed to be equal to the mean value for this region, 1.04 g cm -3 (taken from the global model, MCTM, see S1.4.2). It is assumed that particulate organic matter (OM) mass equals 1.67 times the total organic carbon mass, TOC.
Contributions to the uncertainty of the fugacity ratio, f s ⁄ f a , are the uncertainties of measured concentrations c s (±20%), c a (±20%), Henry coefficient and OM/TOC. Values 0.3 < f s ⁄ f a < 3.0 are conservatively considered to not safely differ from phase equilibrium (as commonly accepted e.g., Bruhn et al., 2003; Castro-Jiménez et al., 2012; Zhong et al., 2012; Mulder et al., 2014) .
S1.3 Air mass history analysis
The discrepancies of dating of the onset of monsoon, based on hydrological, convection or circulation indices (Wang and Fan, 1999; Wang et al., 2001; Fasullo and Webster, 2003) , or on local weather monitoring (IMD, 2014) are about ±1 day. In 2014, monsoon arrival in Kerala was dated to 6 June (IMD, 2014; Devi and Yadav, 2015) . As the origin of air masses arriving in southern India switch from northern hemispheric to southern hemispheric with the onset of southwest monsoon, the tracking of air mass histories allows for higher temporal resolution. We analysed air masses histories, 3-hourly, using the HYSPLIT model (Draxler and Rolph, 2003) and the FLEXPART Lagrangian dispersion model (Stohl et al., 1998 (Stohl et al., , 2005 at various arrival heights, 0-6000 m a.s.l.. The meteorological data (0.5° × 0.5° resolution, 3-hourly) were taken from ECMWF for FLEXPART runs and from NCEP for HYSPLIT runs. For FLEXPART runs, Lagrangian particles were released continuously.
S1.4 Modelling

S1.4.1 Regional-scale 3D air pollution model
Model: WRF-Chem integrates meteorological, gas-phase chemistry, and aerosol components.
The planetary boundary layer parameterisation uses the Mellor-Yamada-Janjic scheme (Janjic, 1994) and Smagorinsky first-order closure for vertical and horizontal sub-grid-scale fluxes, respectively. Surface layer and soil-atmosphere interaction parameterisations follow Janjic, 1994, and Chen and Dudhia, 2001 , respectively. Cumulus is parameterised using the Grell-3D
Ensemble scheme (Grell and Devenyi, 2002) . Hydrometeors (cloud water and ice, rain, snow and graupel) microphysics follows the Purdue-Lin scheme (Lin et al., 1983 ). Short-and longwave radiation are calculated following the Goddard scheme (Chou and Suarez, 1994) and Mlawer et al., 1997, respectively . Photolysis rates are derived on an hourly basis using the Fast-J scheme (Wild et al., 2000) . A modal aerosol is described based on the Modal Aerosol Dynamics Model for Europe (MADE; Ackermann et al., 1998) . Secondary organic aerosol is diagnosed using the Secondary Organic Aerosol Model (SORGAM; Schell et al., 2001) . Modes considered by MADE/SORGAM are the nucleation, accumulation and coarse modes. The model has recently been extended by parameterisations for air-soil exchange and gas-particle partitioning (Mu et al., 2017 ) such as to describe the cycling of semivolatile organics of organic substances. Gas-particle partitioning is described using a single-parameter linear free-energy relationship, an absorption model (K oa model; Finizio et al., 1997) .
The air-soil gas exchange flux is described by a parameterisation of the Jury model (e.g. Hansen et al., 2004; Jury et al., 2003) .
where v s is the exchange velocity between the air and the soil (m s -1 ), θ is the particulate mass fraction, c a and c s are the air and soil concentrations (kg m -3 ), respectively and K sa is the soil-air exchange partitioning coefficient (dimensionless). Therefore, a positive F c indicates volatilisation while a negative value characterizes deposition. The exchange velocity between the air and the soil, v s , is defined as (Strand and Hov, 1996; Hansen et al., 2004) :
where D G air and D L water are the diffusion coefficient in air and water (m 2 s -1 ), respectively, f a and f l represent the air and liquid fraction in soil (dimensionless) and K aw is the air-water partitioning coefficient (dimensionless). The influence of temperature on K aw was taken into account using van't Hoff equations. K sa used in this study were defined as (Karickhoff, 1981) :
where f OC is the fraction of organic carbon in soil (0.010 g OC g soil -1 ; upper value in the range of values spanned across the climate zones of India, see below S1.4.2), ρ s is the soil density (1.35 kg L -1 ; estimate, Jury et al., 2003) , K OA is the temperature dependent octanol-air partitioning coefficient and 0.411 is a constant with units of L kg -1 . In agreement with the experimental soil sampling, the model soil is a 0.05 m thick layer which was assumed to contain 50% of soil, 30% of water and 20% of air (Jury et al; .
Substances:
For modelling each 2 PCBs and HCH isomers are selected. These 4 POPs span a wide range of physico-chemical properties i.e., from low to moderate volatile and from lipophilic to moderately water soluble (Table S4 ). DDT could not be included as its emissions are insufficiently known for an episode simulation: The emission time (often twice i.e., once during summer and once during monsoon; NVBDCP, 2009) and emission factor (to account for release of indoor sprayed DDT to the ambient air) are basically unknown. Similarly, PeCB, HCB and PBDEs could not be covered by modelling, because of lack of emission estimates.
Emissions: Primary emissions are considered for PCBs (gridded data, upper emission estimate for the year 2014; Breivik et al., 2007) and distributed across grid cells for India. During the episode PCB emissions are temperature driven, scaled according to vapour pressure. Herewith, it is accounted for the fact that the prevailing sources i.e., buildings and open installations, are following ambient temperature variation (as found elsewhere in post-ban times; Gasic et al., 2010) . Suspected on-going emissions of α-and γ-HCH, partly legal, but not reported (Sharma et al., 2014) , are neglected. (Emmons et al., 2010) . In the control experiment, a second run, the pre-monsoon background conditions are input throughout the whole run.
S1.4.2 1D multi-media mass balance box model
Compartments simulated
Although small mass fractions of lipophilic substances (log K oa ≳ 6) cycling in continents are stored in above-and below-ground parts of vegetation (Calamari et al., 1991; Meijer et al., 2003b; Lammel et al., 2007) and in freshwater and ice, we refrain from including vegetation, freshwater or cryosphere compartments, apart from air and soil ( Fig. 1 ). Freshwater/wetlands and glaciers are neglected, because of the small area they cover on the Indian subcontinent, and largely peripheral locations. As to vegetation, bioaccumulation of lipophilic substances in leaves and needles follows equilibrium with air and soil typically within 2 months for the most hydrophobic chemicals, shorter for less hydrophobic Paterson et al., 1994) . Dry particle and wet deposition fluxes, F dpdep and F wetdep , are parameterized such as to include various relevant canopies and account for enhanced air-surface transfer by high canopies (McLachlan and Horstmann 1998) . Pollutants' clearance rates of the studied substances from vegetation are not available, therefore, in lack of better knowledge degradation within vegetation is commonly assumed to follow the same kinetics as in the soil, k degr . Hence, while vegetation cycling of pollutants mediates air-surface exchange on seasonal and shorter time scales (e.g., Bao et al., 2016) , it is considered to not significantly bias the chemodynamics on the multi-year time scale (Scheringer and Wania, 2003) . Moreover, in tropical climate, air-surface exchange is not expected to be influenced by seasonally changing vegetation compartment volume, unlike in temperate climate (Wania and McLachlan 2001) . In summary, short-term fluctuations of model predicted air-surface exchange flux, F c , may be biased by the neglect of explicit air-vegetation and soil-vegetation gas exchanges and are not studied here.
Fig. S1
. Schematic representation of 1D multi-media mass balance box model: Processes in the atmospheric boundary layer and topsoil including air-surface exchange (F c ), emission (F em ), advection (F adv ), dry particle deposition (F dpdep ), wet deposition (F wetdep ), removal from the residual layer (F vertdil ), and degradation (k degr ). Series of 7 two-boxes with heights h a and h s , connected by F adv , spanning in total 7.4-33.4°N.
Mass balance equations:
where b a and b s are the air and soil burden (kg m -2 ), respectively, θ is the particulate fraction (dimensionless), k OH (2) is the 2 nd order degradation rate coefficient of the reaction with OH radicals (cm 3 molec -1 s -1 ), c OH is the OH concentration in the air (molec cm -3 ), v pdep is the dry particulate deposition velocity (m s -1 ), h mix is the boundary layer (BL) depth (m), W t is the scavenging coefficient (s -1 ), F c is the air-surface exchange flux (kg m -2 s -1 ), F em is the emission flux (kg m -2 s -1 ), k s
(1) (T) is the 1 st order degradation rate in the soil (s -1 ; default temperature dependence assuming doubling per 10 K increase). The particle deposition velocity v dep p was derived using an empiric relationship for particle size dependent lifetime (Jaenicke, 1988) :
where b is a constant and D is the mean particle size (µm). We adopted b = 10 6 s, as this leads to v dep p > 0.01 cm s -1 for h mix = 200-8000 m as suggested by field studies covering a wide range of canopies (Ruijgrok et al., 1995; Pryor et al., 2008) and D = 0.2 µm for all SOCs investigated in agreement with previous field studies (Landlová et al., 2014; Degrendele et al; Zhu et al., 2017) . The wet scavenging coefficient, W t , is derived as the ratio of the wet deposition flux, F wet , and the air burden, b a , both adopted from global multicompartment chemistry-transport model (MCTM) output for the study area (Semeena et al., 2006; Lammel and Stemmler, 2012) . In the MCTM, the air burden, b a , is fed from advection and primary and secondary emissions, the latter include also vegetation surfaces, apart from soils and other ground surfaces. Therefore, W t , is implicitly accounting for vegetation canopies.
The air-surface gaseous exchange flux, F c , is defined as above (see S1.4.1). Again, K sa is calculated using fraction of organic carbon in soil, f OC , and soil density, ρ s (Karickhoff, 1981 ; see above S1.4.1). f OC , and ρ s in the 7 zones are adopted from MCTM input i.e., globally mapped soil data (Batjes, 1996; Dunne and Willmott, 1996; Semeena et al., 2006) , and range 0.0033-0.0104 g OC g soil -1 and 1.04-1.45 kg L -1 , respectively. from ERA-40 re-analysis data; ECMWF, see also Patil et al., 2013) . The terrain height varies across the 7 zones between ≈100 m in the coastal plain of Tamil Nadu and the Indo-Gangetic
Plain, and > 1000 m in the central highland and Himalayan foothills. The diurnal variation of the boundary layer depth (at 12:00 and 18:00h UTC, ERA-40 data, ECMWF) is considered to derive a pollutant loss term from the BL into the free troposphere: before sunrise, 10% of the pollutant burden which resides in the residual layer (e.g., Stull, 1988) is removed, such that only 90% is preserved for being included into the BL following the morning increase of BL depth (corresponding to a vertical dilution with a varying rate coefficient k vertdil ).
Substances: For modelling, 2 PCBs, one HCH isomer (α-HCH) and DDT were selected. These 4
POPs span a wide range of physic-chemical properties i.e., from very low to moderate volatile and from lipophilic to moderately water soluble (Table S4) . On the multidecadal time scale, DDT is covered too, despite the limitations related to emissions since the ban in agriculture, 1989 (see S1.4.1, above).
Emissions: Historical, gridded primary emission data were adopted for the 7 latitudinal zones.
Such gridded data were available for α-HCH (annual data; Li et al., 2000) , DDT (extrapolated from every tenth year; Semeena and Lammel, 2003) , and PCBs (annual data; Breivik et al., 2007; upper estimates used) . For post-ban remaining emissions 10 -5 of the last pre-ban emissions are assumed for α-HCH. For DDT applied indoors in governmental health programs of India (since 1990), total amounts emitted were available (extrapolated from every tenth year; Pacyna et al., 2010) . It is assumed that the DDT emissions of 1980 had continued until the ban, 1989. DDT usage in India after 1989 is inconsistently reported (e.g., 1126 or 3347 t in 2010; Pacyna et al., 2010; UNEP, 2016) . The lower values were adopted. For PCBs and pesticides used in agriculture Model evaluation and sensitivity study: Regarding the input data uncertainties, concentrations in air and soil are predicted well, except for DDT which concentrations in air, c a , are largely overestimated (Table 6b ). This results probably from the very uncertain emission estimates for recent years (above, S1.4.1). Furthermore, as part of the substance is sorbed to aerosol particles (particulate mass fraction θ > 0; Landlová et al., 2014 , the mean value observed at the site was θ = 0.04), lifetime in air is strongly influenced by wash-out of particles and might be affected by discrepancies between predicted and observed precipitation. DDT concentration in soil, c s , is overestimated, too, and very sensitive to k soil , which is an estimate only (no experimental data available). For PCB28 the soil concentration is underpredicted by one order of magnitude.
The direction of diffusive air-surface exchange flux, F c , in southern India is well predicted for all substances. The effect of onset of SW monsoon on the magnitude of the air-surface exchange flux is well predicted for the pesticides studied, but out of phase for the PCBs. The observed seasonality of F c (Fig. S4 ) results from the combination of emission and deposition patterns. In the model, PCB sources, both primary and secondary emissions are following ambient temperature (primary emissions i.e., evaporation from buildings, facilities, scaled with vapour pressure). Maximum seasonal concentrations of DDT compounds in the outflows from the Indo-Gangetic Plain into the Himalayas had been observed during June-July, which was explained by flooding-related application (Sheng et al., 2013) .
In general, long-term budgeting of POPs cycling is limited by data availability, with degradation rates in soil being estimated from a wide range of observed disappearance rates. Declining DDT and HCH levels in soil, modelled in this study, were based on upper estimates of degradation rates (Mackay et al., 2006) , and may be uncertain by one order of magnitude on this spatial scale.
Apart from DDT and HCH, also the concentration and, hence, air-surface exchange flux of PCB28 is sensitive to k soil . The sensitivities of 1D multi-media mass balance box model output parameters to input data variation is listed in Table S7 . 
S1.4.3 Model input data
Degradation rate coefficient in soil (k soil ) (10 −9 s −1 )
19.3 (k,l) 0.35 (k,l) 110 (o,l) 20 (c,l) 4.05 (o,l) (a) at 293K (b) at 298K (c) Hornsby et al., 1996 (d) Li et al., 2003 (e) estimated (f) Puri et al., 2001 (g) Puri et al., 2002 (h) Shen and Wania, 2005 (i) K oa = K ow /K aw ; K ow from Li et al., 2003 , K aw based on water solubility and vapour pressure (j) Anderson and Hites, 1996 (k) Wania and Daly, 2002 (l) assumed to double per 10 K temperature increase (EU, 1006) (m) Xiao et al., 2004 (n) Brubaker and Hites, 1998 (o) Beyer et al., 2000 (Rajendran et al., 1999) f rural (Pozo et al., 2011) g rural coastal (Zhang et al., 2008) h agricultural soils (Kumari et al., 1996) i agricultural or urban soils (Sharma et al., 2014) j agricultural soils (Ramesh et al., 1991) d.
S2 Results
S2.1 Field observations
S2.2.3 Model sensitivities
Sensitivities of the 1D multi-media mass balance box model output parameters are listed in Table   S7 . The effect of monsoon on multicompartmental cycling is studied using a fictive no-monsoon scenario, which assumes no air concentration drop at the onset of the monsoon season into the BL box of the northern most zone (but preserves mean of non-monsoon months during the monsoon months), and no seasonal change of the wet deposition flux and the mxing height (but replace the scavenging coefficient W t , and BL depth, h mix , by the respective mean of nonmonsoon months during the monsoon months) (Table S8 ). 
